Abstract: This paper investigates the polarization-dependent light extraction efficiency (η extraction ) and the effect of passivation layer for AlGaN-based nanowire (NW) deep-ultraviolet (DUV) light-emitting diodes (LEDs) emitted at 230 nm using three-dimensional finitedifference time-domain method. Our results show that the use of NW structure for 230-nm LEDs can result in higher transverse-magnetic (TM) polarized η extraction than transverseelectric (TE) polarized η extraction . Specifically, η extraction up to ∼48% for TM polarization and ∼41% for TE polarization can be achieved by the investigated 230-nm NW LEDs as compared to conventional planar LEDs (∼0.2% and ∼2% for TM-and TE-polarizations, respectively) attributed to the large surface-to-volume ratio and strong sidewall emissions. In addition, the analysis on the effect of various passivation layer materials suggests the use of SiO 2 , which has smaller refractive index than the NW core, could extract more photons out of the NW core and lead to TM-polarized η extraction up to ∼47%. Therefore, the use of the AlGaN NW structure is expected to lead to high external quantum efficiency DUV LEDs due to the large TM-polarized η extraction in combination with the dominant TM-polarized spontaneous emissions at 230 nm.
Introduction
III-Nitride based semiconductor ultraviolet (UV) emitters have great potential in replacing bulky mercury lamps and excimer lasers attributing to their compact size, lower operating voltage, excellent tunability, higher energy efficiency and longer lifetime. As a result, AlGaN-based UV light-emitting diodes (LEDs) and laser diodes have attracted significant attention recently as new UV light sources for various applications such as semiconductor photolithography, resin curing for 3D printing, water and air purification, sterilization, bioagent detection, and biological and chemical sensing [1] - [4] . In spite of these many advantages, the efficiency of AlGaN-based UV LEDs, especially for deep-UV (DUV) LEDs with emission wavelength (λ) < 250 nm, is still extremely low compared to its visible counterparts that are based on InGaN active regions. The external quantum efficiency (η EQE ) of AlGaN quantum well (QW) UV LEDs with planar structure has been reported to be less than 10% for λ < 300 nm, and further drops to ∼1% when λ is below 250 nm [3] , [5] . Several factors have been identified to contribute to this extremely low UV LED efficiency: 1) difficulties in p-type doping of AlGaN layer, 2) challenges in making good ohmic contact on high Al-content AlGaN layer, 3) large dislocation density from AlGaN materials, and 4) the valence subbands crossover [6] - [11] at high Al-composition AlGaN QW active region that results in dominant transverse-magnetic (TM) [E //c-axis] polarized output in DUV regime. Subsequently, extensive works have been focused on thin film growth techniques and surface patterning to address issues associated with the low η EQE in high Al-composition AlGaN-based UV LEDs [12] - [23] . Quantitative analysis on various LED structures such as micro-dome design [24] , patterned sapphire substrate [25] , and flip chip design [26] , [27] to improve the UV LED light extraction efficiency (η extraction ) have also been carried out. Despite these continuous efforts, it remains extremely challenging to realize high-efficiency AlGaN-based UV LEDs with planar structure.
On the contrary, recent studies on AlGaN-based nanowire (NW) structure have reported encouraging device performance for mid-and DUV LEDs [28] - [30] . Experimental studies on NW UV LEDs have demonstrated substantial improvement in the internal quantum efficiency (η IQE ) for peak emission wavelength (λ peak ) of 340 nm [28] down to 210 nm [30] attributed to dislocation-free materials and improved p-type doping. Another key advantage by the use of NW design is the enhancement of η extraction due to the significantly improved surface-to-volume ratios [28] - [31] . NW design with larger surface area than conventional planar structure can allow more light to escape through the sidewall, which in turn will lead to larger η extraction . While experimental studies have demonstrated promising results for UV LEDs with NW structures, there has been very limited work devoted to investigating the polarization-dependent η extraction for AlGaN-based NW UV LEDs which is of great importance due to the existence of the valence subbands crossover [6] , [7] that results in TM-dominant spontaneous emission in the DUV regime.
Note that previous works [31] , [32] have theoretically investigated the light extraction properties of the 280 nm AlGaN NW LEDs and concluded dominant TM-polarized light extraction from those structures. However, due to the significantly low TM-polarized spontaneous emission rate (R sp ) at 280 nm [6] , [7] , it is still very difficult to achieve a promising η EQE . On the other hand, it is important to note that the TM−R sp will become dominant for wavelengths at 230 nm as the crystal-field split-off (CH) subband occupies the highest energy level in conventional AlGaN-based active region with high Al-compositions [6] , [7] . Nevertheless, the polarization-dependent light extraction mechanism has not been studied yet for this DUV regime.
Therefore, in this study, we examined the transverse-electric (TE)-[E c-axis] and TM-polarized η extraction of AlGaN-based NW DUV LEDs based on finite-difference time-domain (FDTD) method, which has been widely used in optical property analysis of III-Nitride emitters [24] , [26] , [27] . In particular, we investigated the light extraction properties of 230 nm NW LEDs with various NW sizes and passivation layer materials, and have conducted comparison study with conventional planar AlGaN QW DUV LEDs.
3D FDTD Simulation Method
In this study, three-dimensional (3D) FDTD method [33] is used to analyze the η extraction and field distributions for AlGaN-based NW DUV LEDs at 230 nm. The 3D FDTD calculation is a commonly used technique in studying the propagation of photons in response to a given electromagnetic excitation by solving the Maxwell's curls equations with specific boundary conditions based on Yee's mesh. During the simulation, the electric field (E x , E y and E z ) and magnetic field (H x , H y and H z ) components, which are interlaced in Yee's mesh cell with grid points spaced x, y, and z apart, at a given mesh point, are solved discretely in time domain based on the set of differential form of Maxwell's equations. Comprehensive discussion on FDTD method can be found in [34] .
The layer structure of the simulated NW UV LED investigated in this study, as depicted in Fig. 1(a) , consists of a 200-nm thick sapphire substrate, a 1.5-μm thick n-AlN, a 50-nm thick AlGaN layer to represent the multiple quantum wells (MQWs) active region, a 100-nm thick p-AlGaN layer, and a 25-nm thick SiO 2 passivation layer. The NW consists of a hexagonal shape MQW core of diameter D and height H surrounded by a 25-nm thick SiO 2 shell layer [ Fig. 1(b) ], and is oriented along the c-axis, which is parallel to the z-direction labeled in Fig. 1 . The refractive indexes for sapphire, AlN, AlGaN, and SiO 2 layers are set as 1.9, 2.3, 2.4 and 1.52 respectively [35] while the absorption coefficients of the n-AlN, AlGaN active region and p-AlGaN are assumed to be 10 cm −1 , 1000 cm −1 and 11500 cm −1 respectively [32] , [35] . The simulation domain is set to ∼2λ+D with non-uniform grid size (5 nm in the bulk and 2.5 nm at the edge). Perfectly matched layer (PML) boundary condition is applied to all the boundaries to absorb all outgoing waves incident upon it.
A single dipole source with λ = 230 nm is placed at the center of the AlGaN MQW active region where TE-polarization is defined as the major electric field travels in the in-plane direction [E c-axis] while TM-polarization is represented by the major electric field travels in the out-of-plane direction [E // c-axis]. Single dipole source has been used in this work as previous study has pointed out that the use of multiple dipole sources will result in non-physical interference pattern [36] , which is undesirable for analysis of the optical properties of LEDs. A source power monitor surrounding the dipole source is used to measure the total power generated in the active region while output power monitors are placed at distance λ away from the NW to measure the light output power radiated out of the LED device. One field monitor is positioned at the center of the NW x-z plane to track the near-field electric field distribution along the NW. The η extraction is calculated as the ratio of the light output power measured by the output power monitors to the total emitted power in the active region measured by the source power monitor [32] . Note that a single AlGaN-based NW structure is used here for analysis, which is commonly employed in the study of the optical properties of NW structure LEDs in both experimental and theoretical works [32] , [37] - [40] .
A planar UV LED with similar layer structure and thickness as the investigated NW UV LED depicted in Fig. 1 has been investigated for comparison purposes. Due to the limitation of computation resources, the lateral simulation domain is set to 4 μm × 4 μm [26] with non-uniform grid size of 5 nm in the bulk and 2.5 nm at the edge. The refractive indexes and absorption coefficients for AlN and sapphire layers are taken from [35] while for GaN layer is taken from [41] . Linear extrapolation between AlN and GaN is used in calculating the refractive indexes and absorption coefficients for p-AlGaN layer and AlGaN active region, where the Al-content for the corresponding emission wavelength is determined from [23] . In addition, a single output power detection plane located at distance λ away from the top of p-type layer is used to measure the light output power radiated out of the planar LED device [26] . 
Results and Discussion

Planar UV LED Structure as a Comparison
Planar structure UV LEDs for λ ranges from 210 nm to 310 nm have been investigated for comparison purpose. Fig. 2(a) illustrates the schematic of the planar structure AlGaN-based MQW UV LED with the corresponding layers thicknesses. The η extraction for each polarization as a function of λ is presented in Fig. 2(b) . The result shows that the planar LED always has higher TE-polarized η extraction (∼1 -4%) than TM-polarized η extraction (∼0.1 -0.4%) as λ changes from 210 to 310 nm, which is consistent with the result reported in previous analytical study for AlGaN-based UV LED emits at 280 nm (∼4% for TE polarization and ∼0.4% for TM polarization) [32] . As planar structure favors light extraction from the top/bottom surface (along c-axis) while TM-polarized light tends to emit at large angles with respect to c-axis, as evidenced by polar plot of the far-field intensities in Fig. 2(c) , majority of TM-polarized output will be trapped inside the planar structure due to total internal reflection and eventually being re-absorbed by the LED device. As a result, smaller TMpolarized η extraction (∼0.1 -0.4%) is obtained, which is approximately one order of magnitude lower than the TE-polarized η extraction (∼1 -4%).
Despite the fact that the TE-polarized η extraction for AlGaN MQW planar LED is significantly higher than the TM-polarized η extraction for λ ∼ 210-310 nm, it is very challenging to achieve large TE-R sp for such wavelength regime (as shown in Fig. 3 ). The spontaneous emission spectra of AlGaN/AlN QW with Al-content ranging from 50% to 80% at carrier density (n) of 5 × 10 18 cm −3 presented in Fig. 3 were calculated based on the 6-band k·p formalism and taking into account strain effect, valence band mixing, spontaneous and piezoelectric polarization, as well as the carrier screening effect [6] , [10] . Due to the valence subbands crossover from the AlGaN QWs, only significantly large TM-polarized R sp can be obtained at ∼230 nm due to the dominant conduction band to CH subband transition (C-CH). However, even with this large TM−R sp at 230 nm, it is still extremely challenging to realize high-efficiency planar 230 nm LEDs due to the extremely low TM-polarized η extraction (∼0.2%) [ Fig. 2(b) ]. Consequently, it provides a strong motivation to investigate the polarization-dependent η extraction of AlGaN-based NW UV LEDs, especially in the 230 nm regime, if a strong TM-polarized η extraction can be obtained otherwise.
Nanowire UV LED Structures
The η extraction of the 230 nm NW LEDs for both TE-and TM-polarizations are examined here, and the results are presented in Fig. 4 . Fig. 4(a) plots the η extraction as a function of NW diameter (D) ranging from 20 nm to 500 nm with NW height (H) of 1 μm. The result shows that NW structure favors TM-polarized emission, as the TM-polarized η extraction is consistently higher than the TE-polarized η extraction for the investigated NW D range. As an example, ∼45% of η extraction can be achieved for TM-polarized emission while ∼32% of η extraction is obtained for TE-polarized emission when D = 40 nm, which corresponding to ∼238 and ∼17 times enhancement in the TM-and TE-polarized η extraction respectively as compared to the conventional planar structure. As D increases to 100 nm, the η extraction drops to ∼28% for TM-polarization and ∼20% for TE-polarization, but still the η extraction is ∼149 times for TM-polarization and ∼10 times for TE-polarization higher than the conventional planar structure. In addition, the fluctuations in the η extraction for both TM-and TE-polarizations are due to the formation of resonant modes inside the NW core [32] . In contrast to the planar structure UV LEDs, NW structure with larger sidewall surface area is more efficient in extracting TM-polarized emission. As the dominant R sp would be TM-polarized (Fig. 3) for the corresponding AlGaN QW employed in the NW LED active region, significantly improved η EQE would be expected for the investigated NW UV LEDs as a result of the high TM-polarized η extraction and large TM-polarized R sp . It is also interesting to point out that as D increases from 20 nm to 500 nm, the general trend of the η extraction for both TE-and TM-polarizations is gradually declined due to the slight decrease in the surface-to-volume ratio, which results in increased portion of light being trapped inside the LED NW structure.
Note that the effects of small NW D on the η IQE is also an important consideration for the overall LED performance. Previous studies have shown that NW structure exhibits significantly reduced defect density, which in turn decreases the probability of non-radiative recombination at the defect sites. In addition, the reduced strain distribution in the NW structure induces smaller piezoelectric polarization field that results in negligible quantum confined Stark effect in the NW [28] , [42] - [45] . Therefore, the use of NW structure which favors TM-polarized light extraction, in conjunction with improved η IQE , it is expected that the overall efficiency can be boosted which makes it an ideal candidate for high-efficiency TM-polarized DUV emitter.
The dependence of the η extraction for both TE-and TM-polarizations for the investigated NW UV LEDs with various NW H is presented in Fig. 4(b) . As H changes from 200 nm to 800 nm, the TM-polarized η extraction increases sharply from ∼21% to ∼44%, and levels off at ∼45% for H > 800 nm. Conversely, the NW H has less effect on the TE-polarized η extraction where it primarily oscillates between ∼30% and ∼35% as the NW H changes from 200 nm to 1500 nm. The minimal changes in the η extraction for the TM-polarization emission when NW H varies from 800 nm to 1500 nm are due to the lateral propagation direction of TM-polarized photons that lead to strong photon extraction near the active region. Accordingly, longer NW H will not result in significant photon extraction along the NW sidewall that is further away from the active region. For the case of TE-polarization emission, since majority of the TE-polarized photons are traveling in vertical direction and being trapped inside the NW, only a small portion of TE-polarized photons can leak out through the NW sidewall. As a result, the formation of resonant modes inside the NW due to the severe photons trapping is causing the TE-polarized η extraction to fluctuate. Therefore, optimum NW H ranges between 800 nm and 1000 nm is preferable for the investigated NW UV LEDs when D = 40 nm.
In order to better understand the photon extraction by the use of NW structure, Fig. 5 shows the electric field intensity distribution for the investigated NW UV LEDs at x-z plane with various NW D. The NW H is fixed at 1 μm. For TM-polarized emission (top row figures of Fig. 5) , majority of the light is travelling in lateral direction while very limited photons are propagating in vertical direction. As a result, TM-polarized light can easily escape through the NW sidewall, especially for NW structure with small D [Fig. 5(a) ], which results in significantly improved TM-polarized η extraction (∼45% for the case of D = 40 nm) as compared to conventional planar structure (∼0.2%). In contrast, TE-polarized photons (bottom row figures of Fig. 5 ) are mainly propagating in vertical direction which can only be extracted out from the top and bottom sides of the NW while very limited photons are emitted in lateral direction to be extracted out through the NW sidewall. Due to the absorption by p-AlGaN layer and the undesired bottom emitting through sapphire substrate, lower TE-polarized η extraction is obtained as compared to the TM component [ Fig. 4(a) ]. Nevertheless, the η extraction for both TMand TE-polarizations by the use NW structure is still larger than conventional planar structure. For NW structure which has large surface-to-volume ratio, photons can escape into the air medium much easier through the NW sidewall than conventional planar structure as photons in conventional planar structure can only be extracted out through the top and bottom surfaces. As the emission from 230 nm LED is strongly TM-polarized (Fig. 3) , strong sidewall TM-polarized photons extraction by the use of NW structure is expected to improve the overall UV LED performance significantly.
The electric field intensity plots presented in Fig. 5 also provide insight into the impact of NW structural parameters to the η extraction . For NW UV LED with D = 40 nm and H = 1 μm, majority , the trapping of photons becomes more obvious for both TM-and TE-polarizations due to the weak micro-cavity effect. Nevertheless, significant amount of photons can still be extracted out through the NW sidewall for TM-polarized emission, even though the strong photons confinement inside the NW structure for both polarizations result in a lower η extraction (∼28% and ∼20% for TMand TE-polarizations respectively) as compared to the case of D = 40 nm (∼45% and ∼32% for TM-and TE-polarizations respectively). Further increasing the NW D [ Fig. 5(e)-(l) ] will lead to more photons trapping inside the NW structure and less photons extraction. However, due to the increment of photon absorption by the larger p-layer area and weaker resonant effect in larger dimension NW, the electric field intensity along the NW is getting weaker as compared to the case of D = 100 nm. For that reason, the ideal NW DUV LED is recommended to avoid NW design that strongly confines TM-polarized photons as well as NW structure with large area of p-type doping layer, which is D > 80 nm for the investigated NW UV LED structures with H = 1 μm, in order to achieve high efficiency DUV LEDs. While the NW D undeniably plays a vital role in the η extraction , it is worth noting that longer NW H with extended n-AlN region does not contribute to significant photons extraction since most of the near-field electric field intensity is concentrated around the AlGaN MQW active region. As a result, the light extraction through the NW sidewall region that is further away from the active region is very limited, especially for the case of D ࣙ 100 nm [ Fig.  5(c)-(l) ]. Therefore, the η extraction remains nearly constant (∼45% for TM-polarization and ∼30 -35% for TE-polarization) even though the NW H increases from 800 nm to 1500 nm [ Fig. 4(b) ].
Effect of Passivation Layer on TM-Polarized η extraction for Nanowire UV LEDs
The large surface area for NW structure gives rise to the presence of high surface density states due to the non-radiative recombination near the surface, which in turn will lead to degraded quantum efficiency and lower output power for NW devices [46] , [47] . Therefore, passivation layer for NW structure plays an important role in suppressing the surface recombination arising from the surface states. On the other hand, the choice of passivation layer material and its corresponding thickness are critical for η extraction as the passivation layer could possibly impede the light extraction if the design is not optimized. Ideally, it is preferred for the passivation layer to appear transparent in the LED emission range, and have smaller refractive index than the NW core structure to minimize the cavity effects that cause severe photons trapping within the NW core. This increases the possibility of photon extraction which in turn contributes to larger η extraction .
In order to examine the effect of passivation layer on the TM-polarized η extraction for NW DUV LED, we study the NW UV LEDs with 3 different commonly used passivation layers for nitride-based LED -SiO 2 , SiN x and AlN. At λ = 230 nm, the refractive indexes of SiO 2 , SiN x and AlN are 1.52, 2.35 and 2.3 respectively [35] . SiO 2 layer appears transparent for the investigated wavelength regime (λ = 230 nm) with negligible absorption while SiN x and undoped AlN layers are assumed to have absorption coefficient of 11000 cm −1 and 10 cm −1 respectively [32] , [35] . The TM-polarized η extraction presented in Fig. 6 as a function of passivation layer thickness (t) ranges from 10 nm to 100 nm shows that NWs with SiO 2 passivation layer exhibit the highest η extraction than NWs with SiN x or AlN passivation layer. The SiO 2 passivation layer with smaller refractive index (n = 1.52) than the NW core (n = 2.4) can prevent the existence of strong cavity effect inside the NW core that traps photons due to reduced total internal reflection. At the same time, SiO 2 also has the lowest absorption coefficient compared to SiN x and AlN, which in turn will lead to more photon extraction that contributes to higher η extraction . For SiN x and AlN, even though the refractive indexes for these two materials are very similar, SiN x has larger photon absorption than AlN. As a result, smaller η extraction are observed for NWs with SiN x passivation layer.
Although both refractive index and absorption coefficient of passivation layer are critical to the η extraction , varies passivation layer thicknesses will also affect the photon extraction through the NW sidewall. As shown in Fig. 6 , NW UV LEDs with 40 nm NW D, 1 μm NW H and 10 nm thin passivation layer for all 3 different passivation layer materials exhibit very similar TM-polarized η extraction (∼45 -47%) as the properties of the extremely thin passivation layer only have minor effect on the photons. When t increases to 40 nm, which is similar to the NW D, the TM-polarized η extraction for NW with SiN x and AlN passivation layer declines substantially to ∼31 -33% due to total internal reflection and the coupling of resonant modes between the NW core and the passivation layer, while the TM-polarized η extraction for NW with SiO 2 passivation layer only decreases marginally to 42%. Further increasing the SiO 2 passivation layer thickness beyond 40 nm will result in even smaller TM-polarized η extraction (∼38% with t = 100 nm) due to photons trapping inside the thick passivation layer that lead to larger coupling effects between the passivation layer and the NW core. However, for the case of NW with SiN x and AlN passivation layer, thicker passivation layer (> 40 nm) is resulting in less severe photons trapping inside the NW core as the refractive indexes for SiN x and AlN is very similar with the NW core. TM-polarized photons that travel laterally can easily move around the passivation layer and the NW core, which results in the formation of weak resonant modes in these two layers. Consequently, the weak coupling effects between resonant modes in the NW core and the passivation layer will lead to a gradual increase in the TM-polarized η extraction . For example, η extraction of ∼35% and ∼39% are achieved for 75-nm thick SiN x and AlN as passivation layer respectively. For NW with AlN passivation layer t > 75 nm, the TM-polarized η extraction remains nearly constant, and is very similar to that of NW with SiO 2 passivation layer (∼40% for both cases) attributed to the weaker resonant modes in the thick AlN passivation layer and subsequently smaller coupling effects. The TM-polarized η extraction for NW with SiN x passivation layer stays below ∼35% as t > 75 nm due to the large photon absorption by the SiN x material.
To further understand the effect of various passivation layer designs to the TM-polarized η extraction , the electric field intensity distribution of NW with 25 nm, 40 nm, 75 nm and 100 nm thick passivation layer for SiO 2 , SiN x and AlN materials are presented in Fig. 7 . The NW H and D are fixed at 1 μm and 40 nm respectively. As clearly illustrated in the electric field intensity plots, for NW with thin SiO 2 passivation layer (t ࣘ 40 nm) [ Fig. 7(a) and (b) ], the TM-polarized photons, which are primarily concentrated near the active region, can easily penetrate through the thin passivation layer and result in large η extraction (∼42 -47%). Further increases the SiO 2 passivation layer thickness will result in some photons trapping along the NW core and the thick SiO 2 passivation layer [ Fig. 7(c)  and (d)] . Consequently, the coupling of light between the NW core and SiO 2 passivation layer is resulting in marginal reduction in the TM-polarized η extraction to ∼38% when t = 100 nm. For the case of 25 nm and 40 nm thin SiN x or AlN passivation layers [ Fig. 7(e), (f) , (i), and (j)], majority of the TM-polarized photons suffer from total internal reflection which result in severe photons trapping along the NW core. As a result, the TM-polarized η extraction drops significantly from ∼45 -46% with t = 10 nm to ∼31 -33% with t = 40 nm. As t increases beyond 40 nm [ Fig. 7(g) , (h), (k), and (l)], despite the formation of resonant modes inside the thick passivation layer, the photons trapping along the NW core is less severe than the case of t = 40 nm. Subsequently, it leads to an upsurge in the TM-polarized η extraction , ∼34% and ∼40% for NW with 100 nm thick SiN x and AlN passivation layer respectively.
Therefore, in order to counterbalance the benefit of passivation layer in suppressing high surface density states and the negative impact of passivation layer on the η extraction , SiO 2 and AlN are the preferred choices over SiN x as the passivation layer materials for the investigated DUV NW LEDs. In particular, varying the thickness of SiO 2 passivation layer only has minimal impact on the TM-polarized η extraction , which make it an ideal candidate as NW passivation layer. Nevertheless, considering the needs of a much straightforward fabrication step, AlN is in favor over SiO 2 as the former material can be grown in the same growth chamber as the NW core. It is recommended for NW with AlN passivation layer to have different passivation layer thickness than the NW D to minimize the strong coupling of resonant modes between the NW core and the passivation layer. In addition, previous experimental studies on nitride-based NW with AlGaN shell structure has reported that the use of rich Al-content AlGaN shell layer can effectively suppress the non-radiative recombination [28] , [48] , which can lead to improved η IQE . Accordingly, thick AlN (> 75 nm) is expected to achieve high η EQE for NW UV LEDs with AlN as passivation layer.
Conclusion
The TE-and TM-polarized η extraction of AlGaN-based NW LEDs emit at 230 nm with various NW structural parameters and passivation layers have been investigated intensively. Our analysis shows that TM-polarized η extraction up to ∼48% and TE-polarized η extraction up to ∼41% can be achieved with NW structure of various NW D and H as compared to conventional planar structure (∼0.2% for TM-polarization and ∼2% for TE-polarization). Smaller NW D (< 60 nm) enables more photons to leak out through the NW sidewall that result in higher η extraction while increases the NW H beyond 800 nm has less impact on the η extraction . In addition, the choice of passivation layer material and its corresponding thickness are also critical to the η extraction . The use of SiO 2 as passivation layer which has smaller refractive index than the NW core can result in larger η extraction as compared to SiN x and AlN. While varying the SiO 2 passivation layer thickness has minimal impact on the η extraction , the thicknesses of SiN x and AlN passivation layers are affecting the η extraction substantially. In summary, the investigated 230 nm NW LEDs with NW D < 60 nm, NW H ranges between 800 nm and 1000 nm, and thick SiO 2 or AlN (> 75 nm) passivation layer are anticipated to improve the η EQE significantly attributed to the high TM-polarized η extraction and large TM-polarized R sp , which are expected to be promising solutions to high-efficiency TM-polarized DUV emitters. Future work to address the impact of various NW design within an array of NW such as uniformity in NW diameter, height, spacing and peak emission wavelength as well as QW position is desired in order to provide a more comprehensive modeling of the NW LED performance.
